The gene product mutated in ataxia telangiectasia, have reduced DNA-PK cs protein levels, greatly reduced protein kinase activity, and are defective in DNA 
effects, we obtained the scid mutation on a different genetic background, e.g., C3HSmn.C Prkdc scid /J mice, and and have a partial defect in development of T cells [10] , E11.5-13.5 13 12 0 19 44
Purkinje cells [11] , and in gametogenesis. Scid/scid mice includes the conserved carboxy-terminal region. Scid cells To determine when lethality of developing scid/scid Atm Ϫ/Ϫ ATM mutant cells show several cell cycle defects (reviewed in [1] ). In response to ionizing radiation, ATMembryos occurred, timed pregnancies of scid/scid Atm ϩ/Ϫ intercross breeders were set up and embryos examined deficient cells fail to arrest in G1, in part due to impaired activation of p53 and upregulation of the Cdk inhibitor at several time points postcoitum. Out of 25 normal appearing embryos examined between E11.5 to E13.5, none p21. ATM mutant cells in S phase exhibit radio-resistant DNA synthesis and continue to synthesize DNA followwere genotyped as Atm Ϫ/Ϫ ( Table 1) . Six of these litters had an average of 42% reabsorbing embryos. Yolk sacs ing exposure to ionizing radiation. ATM mutant cells fail to arrest in G2, inappropriately enter mitosis following were recovered from four of these reabsorbing embryos at E12.5 and genotyped. Two were Atm ϩ/Ϫ and two were DNA damage, and show increased chromosome gaps and breaks. Finally, some cell types from ATM mutant mice Atm Ϫ/Ϫ . This indicates that Prkdc and Atm compound mutant embryos failed to thrive at some point prior to E11.5.
fail to undergo p53-dependent apoptosis in response to ionizing radiation [7, 12] . These results indicate that the Next, we examined preimplantation concepti. Out of 20 blastocysts recovered and genotyped at E3.5, three were radiosensitivity of ATM mutant cells is not due to enhanced apoptosis but is more likely due to mitotic failure Atm Ϫ/Ϫ , which is close to the expected number of five, indicating that lethality occurred after implantation. Out and/or lethal levels of unrejoined chromosome breaks [1, 13] . of 16 normal appearing embryos recovered at E7.5, after the start of gastrulation, two were Atm Ϫ/Ϫ . At E8.5, four out of twenty embryos were Atm Ϫ/Ϫ . However, these embryos, Unlike ATM, DNA-PK-deficient cells have not shown dissected free of yolk sac, were significantly smaller and defects in cell cycle checkpoints or apoptotic responses less developed then wild type embryos of the same age to ionizing radiation [14] [15] [16] . However, these cells show ( Figure 1 ). By E9.5, out of 28 normal embryos recovered, a clear defect in end-to-end rejoining of DNA breaks, none were Atm Ϫ/Ϫ (Table 1) . Six out of 34 embryos at this which is a major repair pathway for double-strand breaks age were reabsorbing with noticeably smaller deciduae.
in mammalian cells [17] . Thus, the proximal cause of Residual embryonic material was recovered from three of radiosensitivity of DNAPK mutant cells is likely due to these and all were genotyped as Atm Ϫ/Ϫ . Together, these lack of DNA repair while that of ATM mutant cells may results indicate that the development of scid/scid Atm Ϫ/Ϫ be due lack of cell cycle arrest and resultant chromosome embryos was arresting around E7. 5 Ϫ/Ϫ embryos irradiber, is more highly related to ATM than is DNA-PK cs , ated with 0.5 Gy at E6.5 fail to develop to term whereas sharing 31% identity at the PI3K domain [2] . ATR, like Atm ϩ/Ϫ and wild type littermates do [9] . Thus, the combi-ATM, is a protein kinase that is activated by DNA damage nation of DNA damage and Atm deficiency is lethal durand initiates signaling important in cell cycle checkpoints ing embryogenesis. Mutation in DNA-PK cs as occurs in [26, 27] . ATR-deficient cells are sensitive to DNA damthe scid/scid mutant is likely to result in persistence of age, and lethality of Atr Ϫ/Ϫ embryos prior to E7.5 is reportunrepaired breaks that arise spontaneously during the rapid edly due to extensive chromosomal fragmentation [20, cell cycles that occur during embryogenesis. These unre-21]. These data support the idea that defects in DNA paired breaks would normally activate Atm-dependent repair or response pathways are critical just prior to or events including cell cycle checkpoints. In the absence during gastrulation. of Atm, these cells might continue to progress through the cell cycle, resulting in fixation of damage or conversion Genetic interaction among PI3K-related protein kinase of DNA breaks to chromosomal breaks. As Atm is involved members has also been reported in yeast. TEL1 and MEC1 in multiple checkpoints, we asked whether loss of p53, from S. cerevisiae share significant sequence similarity to which is critical for the DNA damage induced G1 checkAtm, Atr, and DNAPK cs [2] and are involved in telomere point, also interacted with DNA-PK. Intercrosses of scid/ maintenance and in response to DNA damage [28] . Simulscid p53 ϩ/Ϫ mice [18] A complete picture of the signaling pathways and funcbesides regulation of p53 and G1 arrest, in cellular survival tions of these PI3K-related family members has yet to and interaction with DNA-PK. These functions could be emerge. The strong genetic interactions observed in both those involved in controlling G2 arrest or in maintaining yeast and mammalian homologs suggest they have overchromosomal integrity in the face of DNA breaks. It has lapping or complementary functions, which provides imbeen suggested that in ATM mutant cells, DNA breaks portant clues to their function in the context of the intact are more efficiently converted into chromosome breaks organism. due to lack of cell cycle arrest and/or due to alterations in chromatin structure [1] . This could be the mechanistic
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basis for synergy between mutations in Atm and DNAPK. It is also possible that Atm and DNA-PK have other, yet
Boris [6] and genotyped by PCR of toe-derived DNA using the following to be described, overlapping functions that are essential primers: Atm forward, 5ЈGACTTCTGTCAGATGTTGCTGCC3Ј; Atm reverse, 5ЈCGAATTTGCAGGAGTTGCTGAG3Ј; and Atm neo, 5ЈGGG
for viability. others. During gastrulation of the mouse, at E7.5, embryos are by far the most sensitive to irradiation, showing a very BALB/cByJSmn-Prkdc scid /J (BALB/c scid) and C3HSmn.CPrkdc scid /J mice were purchased from Jackson Laboratory and genotyped as delarge increase in apoptosis in response to 0.5 Gy and scribed [4] . To generate compound mutant mice, 129/Sv Atm ϩ/Ϫ mice substantial cell death after doses as low as 0.05 Gy [9] . for blasts and 25 cycles for embryos.
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